Over the past few decades, the use of cell microencapsulation technology has been promoted for a wide range of applications as sustained drug delivery systems or as cells containing biosystems for regenerative medicine. However, difficulty in their preservation and storage has limited their availability to healthcare centers. Because the preservation in cryogenic temperatures poses many biological and biophysical challenges and that the technology has not been well understood, the slow cooling cryopreservation, which is the most used technique worldwide, has not given full measure of its full potential application yet. This review will discuss the different steps that should be understood and taken into account to preserve microencapsulated cells by slow freezing in a successful and simple manner. Moreover, it will review the slow freezing preservation of alginate-based microencapsulated cells and discuss some recommendations that the research community may pursue to optimize the preservation of microencapsulated cells, enabling the therapy translate from bench to the clinic.
Introduction
The increasing use of cell therapies for the treatment of diverse diseases has promoted the research of the areas that will enable the advance and spread of these therapies. In this way, a process that will allow correct storage, shipment and delivery of cell-based products has also gained attention. One of the possible methods for the delivery of cell-based products is refrigerated shipment or short-term preservation. However, this method will only permit storage for a few days and rules out the possibility of being a desirable method for long-term storage or delivey. Thus, the preservation at deep cryogenic temperatures (ranging from −196°C to approximately −150°C) where cells, tissues, cellbased products or organs are suspended in a tissue medium with one or more cryoprotectants (CPAs), a process named cryopreservation, is the only technology that enables "holding the biological clock" of cellbased products and facilitates the "on demand" access of patients to the treatments in a clinic far from the manufacturer [1, 2] .
Theoretically, if cryopreservation works successfully, it should provide a quality product that ensures the previous characteristics are kept. However, during the cryopreservation process several mechanisms lead to cell damage and compromise product quality and integrity. The size of the samples, as an example, represents an obstacle for the penetration of CPAs and can interfere with cooling and warming profiles [3] . The exposure of the embedded cells to the CPA depends on the cell location in the structure, which could lead to different cell viabilities throughout the cell-based construct. In this sense, there are different protocols for storing cell therapies, offering both advantages and drawbacks that should be taken into consideration to ensure the correct storage of the cell-products (Table 1) . Currently, the most used procedures are either slow freezing or vitrification. Vitrification is a rapid freezing method at which a solution, using high amounts of CPAs (excess of 40% w/v), is cooled below its glass transition temperature without ice crystal formation leading to an amorphous matrix that could also be defined as an extremely cold viscous liquid [4] . In this method, ice formation is avoided throughout the entire sample, but these high CPA concentrations are normally toxic to mammalian cells, oblying to minimize the exposure to CPAs complicating the handling process [5] [6] [7] . The controlled rate or slow freezing has been developed over the past 40 years, establishing protocols to preserve samples such as embryos, cells, blood products or stem cells among others [8] [9] [10] .
In contrast to vitrification, samples are cooled in a controlled way (for mammalian cells −1°C/min) using lower concentrations of CPAs, and thus, producing ice crystals. The intracellular ice formation (IIF) is avoided with the use of slow cooling rates and the dehydration of cells, and even if ice crystals are nucleated in the samples, cell viability and function are preserved in different cells, tissues, and cell-based products [11, 12] . This method is also used for larger samples and technically is a simpler procedure than vitrification [4] . Moreover, slow freezing does not need advanced equipment, and in the case of alginate cell-based products, almost all samples are preserved using this protocol [12] [13] [14] [15] . This review will discuss the slow freezing method for the preservation of cell-based products. The steps for a successful slow freezing will be summarized and the preservation of the alginate-based cell products will be discussed.
Cell injury in slow freezing
Undestanding of the mechanisms that could damage cell viability and function is essential for the cryopreservation of cell-based systems. During the slow freezing process, the ice crystal formation in the whole sample cannot be avoided. Therefore, a successful protocol with an optimal cooling rate that prevents major injury mechanisms (e.g. IIF, solute toxicity and osmotic damage) should be employed.
Cryoprotectant (CPA) is a term coined to describe "any additive which can be provided to cells before freezing and yields a higher postthaw survival than can be obtained in its absence" [16, 17] . CPAs reduce the water content in cells/tissues and increase the total concentration of all solutes. They are added before cryopreservation to the freezing solution to prevent the IIF in the process, which is associated with lethal cell injury in the majority of cases [18] . However, the CPA concentration for obtaining a beneficial effect, is far higher than other solutes in normal cell media solutions, and compromise its use by its toxicity. In the cryopreservation process, when CPAs are added to samples, cells will initially shrink as water leaves the cells by osmosis in response to the increased solute concentration extracellularly. If permeating CPAs are employed, after the initial shrink cells will swell while CPA crosses the cell membrane. This later exchange of CPAs is due to the cells increased permeability to water rather than solutes [19] . By contrast, if only non-permeating CPAs are used, this swelling will not be occur and cells will remain dehydrated. Even though the CPAs are necessary in cryopreservation to prevent IIF, the addition and removal of CPAs could exert the above-mentioned osmotic stress on cells, which may result in excessive cell injury or death [20] . Thus, the addition of CPAs should be controlled precisely to ensure cell function and viability after the storage.
The kinetics of cooling rates also influence the outcome of the cryopreservation. From the empirical observation of the slow cooling profiles, and their good results, Mazur and colleges proposed a hypothesis to explain the biophysical processes that occur during cryopreservation, the called Mazur's two-factor hypothesis ( Fig. 1 ). In the slow freezing preservation, cells are required to be optimally dehydrated to avoid IIF. At an optimal cooling rate, cells would be dehydrated with their sensitive molecular and ultrastructural components protected by the added CPA. However, if a too fast cooling rate is used, cells will not have time to dehydrate, and intracellular ice could form from the remaining residual intracellular water. By contrast, with a too slow cooling rate, cells will suffer an irreversible injurious dehydration from the long exposure to hypertonic solutions. This could disrupt the biochemical and physical conditions required for cell survival, and mitochondria and endoplasmatic reticulum could structurally be compromised. In this sense, the "inverted U" survival effect showed graphically by Mazur is displayed in one of the best cold biology compilations ( Fig. 1) [21] . In that compilation, different cell types are pulled together todemonstrate that even when the difference between the optimal cooling rates of diverse cell types is huge, this "inverted U" survival interval could be observed in all. However, this is an oversimplification of the complex biophysical processes occurring during cryopreservation, and many still remain unclear [22] . Nevertheless, the two-factor hypothesis has been observed in many other results after its proposal, and its utility to study and optimize the slow freezing protocols of different cell-based therapies is undoubted.
Steps in a slow freezing protocol
The cell-based products are subjected to different proccesses during the slow freezing cryopreservation, and each of these have to be properly performed to cryopreserve cells successfully (Fig. 2) . Cellbased systems have to be prepared to undergo freezing, and an appropriate CPA solution has to be chosen avoiding the mechanism that could impair the cell-based products function and integrity. Moreover, the samples should be preserved at the adequate temperatures, and although the thawing has not be given as much importance as the cooling, it deserves the same attention. The steps that should taken in consideration to achieve a successful slow freezing cryopreservation will be next summarized and discussed.
Choice of CPA solution
The CPA solution is one of the variables that is being optimized to improve the outcome of the cell-based products recovered from cryopreservation. Since the required CPA concentration to prevent IIF are not the physiological ones present in the cell media solutions, a long exposure time could lead to non reversible cell damage [17, 23] . Thus, researchers always tend to reduce as much as possible the amount of CPAs in the solution, being a research line the combination of different CPAs to decrease their related toxicity [24] . It was established a distinction between CPAs, depending if were able or not to permeate the cell membrane (Table 2) . Permeating CPAs such as glycerol, are molecules of low molecular weight that can go through the cell membrane by osmosis, replace the water inside the cells and hold the non-freezable water within the cells [17] . The most common is dimethylsulfoxide (DMSO), it is included in the range of 5 to 12% (v/v) in most of the CPA solutions for every cell type with excellent results [8, 11, 12, 14, 15] . For example Hemacord®, an allogeneic cord blood hematopoietic progenitor cell therapy product which is approved by the FDA, is cryopreserved with DMSO obtaining great results in clinics. However, DMSO employment was related to adverse effects after the transplantation of cryopreserved cell therapy products, and many researchers started to reduce the amount employed in their protocols, or even remove it [25, 26] . After reviewing some of the clinical trials procedure that showed DMSO toxicity, it was found that DMSO was not entirely removed or that some procedures were not appropriately Fig. 2 . Schematic process of slow cooling cryopreservation. Cells are usually chilled to avoid the cytotoxic effect of CPAs, and at~4°C the cooled CPA solution is added, enabling CPAs to permeate the cells during a holding time. Then samples are cooled slowly, and usually around −7°C ice nucleation occurs. That could be induced by active nucleation or modulated by adding an ice nucleating agent to the CPA solution. Samples continue cooling until −80°C, where samples are cooled below the glass transition temperature by nitrogen liquid immersion, approx. -160°C, and held in the cryogenic state. The cryopreserved samples will form a solidified mixed matrix of ice, CPAs, solute and a biomass, composed of extremely dehydrated cells that contain no ice. When is required, samples could be thawed quickly, and after CPA removal at~4°C the sample would be ready to use.
Table 2
Summary of cryoprotectants selected for cell preservation. Identified by widespread***, moderate** or infrequent* choice of agent.
Particular CPA mixtures are often selected for specific cell preservation strategies. This list is not exhaustive and a wider discussion can be found on [17, 23] . Oligosaccharides tend to act as non-permeating osmotically acting CPAs, whereas monosaccharides may permeate cells to a degree depending on cell type. Copyright of BioInsights Publishing Ltd. Cell Gene Therapy Insights 2017; 3(5), 359-378. DOI: http://dx.doi.org/10.18609/cgti.2017.038 performed, and some experts claimed that the related adverse effect of DMSO could have been avoided [27] . In this respect, a report of an expert meeting discusses the path that research may take to make progress in successful preservation of cell therapy products, and recommends that an actual review addressing the reality of DMSO toxicity would be extremely valuable to go forward in cell-based products employment [28] . Nevertheless, other research groups are also adding non-permeating CPAs to speed up the dehydration process of the cells in supra-zero temperatures and reduce their toxicity. In this sense, sucrose and trehalose are the most used non-permeating CPAs at concentration ranges between 0.1 and 0.3 M. They have been added to many protocols obtaining better results than with DMSO alone, and allowed in some studies the decrease of DMSO percentage in the CPA solution [24] . In the cryopreservation of human umbilical cord as source of Wharton's jelly mesenchymal stem cells, the CPA solution that combine DMSO 10% and Sucrose 0,2 M displayed better results than only DMSO 10% in terms of MSCs isolation and expansion from the umbilical cord after thawing [29] . It should be borne in mind, that intracellular ice protection is required in the cryopreservation of nearly all nucleated mammalian cells, and that non-permeating CPA could provide some benefits in the extracellular environment, but not the primary ice protection inside the cells. Thus non-permeating CPAs are usually used in addition to permeant CPAs. However, if the non-permeating CPAs, such as sucrose and trehalose were able to permeate inside the cell before cryopreservation, the use of permeating CPAs such as DMSO could be avoided entirely [30] . Zhang et al. cryopreserved fibroblasts with only trehalose in the CPA solution, inducing trehalose uptake during freezing. Although the cell recovery was not as high as with DMSO 10%, they demonstrated that fibroblast can be cryopreserved without the use of permeant CPAs [31, 32] .
Other additives, which facilitate cryopreservation but have no clear primary role as permeant and non-permeant CPA and are not defined as CPAs, are usually added to the CPA solution to increase cell recovery after the cryopreservation and thawing processes. The use of antioxidants in the CPA solution has been applied for several decades in the preservation of sperm, follicles and plants [33, 34] . From the abovementioned cell injury mechanisms in the cryopreservation, reactive oxygen species are created. Reactive oxygen species have been implicated in different damages mechanisms, such as lipid peroxidation of membranes, damage in the DNA, and loss of motility and fertility in frozen and thawed sperm [33, 34] . In this sense, the properties of antioxidants could reduce the impact of reactive oxygen species and cold shock damage improving preservation of cell function after thawing. Recently, the antioxidants used have been translated to the cryopreservation of other cell-based therapies, such as the hematopoietic and mesenchymal stem cells [35] [36] [37] . Although the most used antioxidants for these cell types are catalase and ascorbic acid, others such glutathione or n-acetylcysteine can also be used. As always, the used concentration is crucial and must be optimized for obtaining a positive outcome after the samples thawing [38] . Thus, these results suggest that antioxidant inclusion in CPA solution could improve the recovery for a wide range of cells, and raise the question if lots of established protocols should be modified by the inclusion of antioxidants.
In the same way, antifreeze proteins have also been included to reduce the IIF. Mainly as antioxidants, their use has been focused on the preservation of reproductive cells or embryos [39] . These molecules are ice-binding proteins that prevent water from freezing by adsorbing to the ice surface and stopping the growth of diminutive ice crystals to large crystals in a non-colligative manner. They have been associated with other function such as thermal hysteresis or interaction with membranes and/or membrane proteins, and due to these characteristics they were employed in the freezing protocols of different cell lines [40] [41] [42] . The cryopreservation efficiencies have usually been enhanced regardless of cell type and freezing method, with a handful of exceptions. In spite of these effects, it is agreed that the employment of antifreeze proteins in cell storage needs a further tuning to clarify the molecules effects on cryopreservation, as outcome depends on the antifreeze protein, preserved cell, CPA solution, and storage temperature. Also, fetal bovine serum (FBS) has been described as another additive included in several cryopreservation protocols with beneficial effect. FBS stabilizes cell membranes, decreases the extracellular ice formation, minimizes cell dehydration and prevents excessive concentration of solutes during the freezing/thawing process [43] . However, clinicians try to avoid FBS in the cryopreservation of cells such as mesenchymal stem cells (MSCs) to reduce the risk of xeno-derived infection [44, 45] , for example, by the use of human serum. Moreover, the variation between the used human serum batches can be significant; some reports showed beneficial effects when it was included in the CPA solution [46] , and others not [47] .
Lastly, ice nucleating agent inclusion in the CPA solution enhanced the freezing survival of different cell types [16] . Ice nucleating agents such as silver iodide, metallic particles or other organic compounds produced by multiple organism, are molecules that due to their structural and surface properties, facilitate the orientation of water molecules to an ice-like structure, creating active germ crystals. During cryopreservation, aqueous solutions may become super-cooled, taking place the phase transition from liquid to solid stochastically. The uncontrol of this phenomenon leads to high sample to sample variations in terms of cell viability after thawing [48] . Thus, active control of ice nucleation can lead to cryoinjury reduction during freezing [12, 13, 49] . However, the mechanism behind the increased cell survival is not clear yet. Some studies indicate that the membrane phase changes occurring during controlled nucleation, may reduce the incidence of IIF [50] . Moreover, if ice nucleation is closer to the melting point of the solution, the dehydration of cells would be more pronounced due to extracellular ice formation. This longer period of cell dehydration is the phenomenon that has been related to the increase of cell viability after cryopreservation [51] . Lauterboeck et al. ratified this mechanism, reporting that the active control of nucleation temperature above the spontaneous nucleation temperature leads to a higher dehydration of mesenchymal stem cells, reducing the IIF [52] . The highest ice nucleation temperature did not achieve the best results. The −10°C degrees was the best nucleation temperature for mesenchymal stem cells, which maintained a higher percentage of membrane integrity and cell recultivation when samples were frozen with 5% DMSO (Fig. 3A) . Also, Massie et el. demonstrated how the ice nucleation affects the postwarming viability of microencapsulated liver spheroids [12] (Fig. 3B ). Higher ice-nucleating temperatures, using cholesterol as a nucleating agent, resulted in doubling cell viability of the microencapsulated liver spheroids after thawing. Moreover, the ultrastructural effects of controlled ice nucleation compared to spontaneous ice nucleation were also displayed in microencapsulated liver spheroids by cryoscanning electron microscopy [12] (Fig. 3C) . During controlled ice nucleation slower ice formation was created enabling cells to dehydrate appropriately (Fig. 3C-1,3 ). By contrast, following spontaneous ice nucleation, intercellular ice was formed provoking cell injury (Figs. 3C-2,4) . Between the nucleation agents, there are some chemicals such as cholesterol or Icestart™, but also nucleation could be induced by a controlled metal straw placed inside the samples. These nucleating agents seed the production of an ice embryo and enable the propagation of gradual ice formation through the remainder of the sample, and as above mentioned, reduces the sample to sample variations. Thus, one should consider, as with antioxidants, the inclusion of an ice nucleator in CPA solutions to improve the cell survival after freezing, especially in large samples in which ice nucleation is more heterogeneous.
Sample preparation for freezing
Before samples are loaded into freezing machines and suffer cooling, different processes are carried out, such as sample chilling and CPA solution addition. Although these processes seem simple, some variables have to be taken into account to perform them appropriately.
Many CPAs, such as DMSO, are more toxic at temperatures higher than 4°C [17] . Therefore, cell-based products should be chilled to avoid CPA induced citoxicity. As mentioned before, the CPA concentration is not the one usually used in normal cell media, since it can be toxic to cells. So, chilling samples leads to a reduction in cell metabolic activity and consequently, lower CPAs toxicity [53] . However, this effect also reduces the permeability of CPAs to cells. Longer CPA exposure time are necessary if CPA addition is performed at lower temperatures, which could also increase toxicity [53] . In this case, the beneficial effect of lowering the metabolic activity is prioritized in the slow freezing cryopreservation [54] . Furthermore, in order for samples to follow the applied cooling rate and reduce variability, it is recognized that samples should be pre-chilled to around 0-4°C before freezing. The introduction of samples to the freezer or the controlled rate freezers (CRF) without chilling, could lead to differences between the real and the theoretical cooling rates of the sample. Therefore, even after applying an optimized cooling rate that reduces as much as possible IIF, samples may not recover their function after thawing. Also, there are reports that adding the chilling step before cooling improves cell recovery [55] . Furthermore, when large volume samples, such as tissues or red blood cell cryobags are frozen, this is an essential point to bear in mind [56] . Thick or large volume samples are not homogeneously cooled, and sample introduction into the cooling machine without cooling could lead to enhances sample to sample function variability after freezing and thawing.
The osmotic changes that occur when the CPA solution is added or removed, could also be detrimental to the diverse cell types. Some cells are more susceptible to osmotic changes than others, and the cooled CPA solution addition is performed gradually to decrease CPA toxicity. Moreover, it should be taken into consideration that CPAs should permeate all cells, exerting their protective effect in the entire sample. To this end, before cooling, the CPA solution should be in contact with the sample for long enough for the CPAs to permeate through all cells [57] . As with chilling, larger samples will need longer periods of exposure to CPAs, as demonstrated with the cryopreservation of intact articular cartilage [58] . Indeed, optimization of the CPA addition protocol for the cell product is required. As a take-home message, samples should be entirely chilled and permeated to CPAs before freezing, in order to prepare them appropriately for the next step in the slow freezing cryopreservation.
Controlled rate cooling protocol
The applied cooling rate should be optimized for each sample according to Mazur's two-factor hypothesis. The cooling rate affects the rate of formation and size of both intracellular and extracellular ice crystals, and also impacts solution effects that occur during the freezing process [59] . In this sense, the −1°C per minute cooling rate is often used as an optimized rate to freeze various mammalian cell types (e.g. with Mr. Frosty™, CoolCell® or homemade freezing system passive devices) that showed repeatedly good results [14, 60] . These passive cooling devices may be suitable for small volumes or sample numbers, but lack suitability for use in the cryopreservation of larger samples. By contrast, controlled cooling can be achieved by CRF based on various principles such as nitrogen vapor (e.g., Cryomed™ or Planer PLC) or electrical Stirling Engine Systems (e.g., Asymptote PLC) [12, 13, 55, [61] [62] [63] . These technologies allow the application of different cooling rates within the same cooling protocol, providing a tool to achieve optimal cooling rates for cell survival during cryopreservation. Although the applied cooling rate is important, the control of the real cooling rate within samples is crucial. The placement of thermocouples in samples during cooling protocols enable the measurement of difference in cooling rates between different compartments of devices, samples, or even between layers of the same sample [63, 64] . With these tools, the cooling rate can be corrected by changing the cooling programme if it is required. Small samples, such as cryovials, will closely match the cooling rate programmed by the machine. However, large volumes of samples, often used at clinical scale, will be more difficult to cool at the programmed cooling rate. Kilbride et al. demonstrated that the way that samples are cooled influences ice solidification within the sample [63] . Two different heat transfer modules designed for an electrical Stirling cooling machine were used to cryopreserve microencapsulated liver spheroids in cryovials. In this study, the way the ice solidified through the cryovial was studied with its effect on microencapsulated liver spheroids. When cryovials were cooled from a single surface of the cryovials, progressive ice solidification occurred in samples. By contrast, when the entire module applied the cooling to all surface of the cryovial, a dendritic network solidification was predominant. The cooling profiles were recorded, and showed that the vials that were entirely cooled ( Fig. 4A ) matched much better the applied cooling profile those cooled just from the bottom (Fig. 4B ). Regarding viability and cell function, there were non-significant differences between the studied groups. By contrast, when samples larger than a few millilitres were cryopreserved, it has to consider that homogeneous cooling is a great challenge due to heat and mass transfer is slowed. This effect was demonstrated in the same study, when 2 litre of 10% aqueous glycerol solution (having the same thermal properties of microencapsulated liver spheroid) was cryopreserved and the cooling profile of the different layers was measured. The diversity in cooling profiles in different layers of the biomass was demonstrated, confirming the difficulty in obtaining homogeneous cooling in large volumes (Fig. 4C ). Regarding cells, these cooling heterogeneity through the biomass will also be reflected in differences in cell dehydration, extracellular solute concentration, and ice crystal formation, that will affect enormously in cell function after cryopreservation.
Lastly, it has been established empiricaly that the slow cooling below −60°C to −100°C has no benefits in the preservation of different systems [65] . Thus, after the cooling protocol reaches these temperatures, samples are further cooled (at faster cooling rates) and solidified into a glassy state to extend cell-based product storage life.
Storage
Depending on the desired storage time for the sample, different systems or methods can be used for the preservation of cell-based products. Samples preserved at −120 to −130°C are so viscous due to highly concentrated CPA in the remaining solution, that enables samples phase change into a glassy state [66] . If the slow cooling protocol is successfully applied, below those temperatures, samples will form a solidified mixed matrix of ice, CPAs, solute and a biomass, composed of extremely dehydrated cells that contain no ice [12] . The temperature in which this phase transition occurs, called the glass transition temperature (Tg), depends on the solute concentration in samples. In this glassy state, the probability of chemical reactions or molecular diffusion occurring is highly unlikely due to insufficient thermal energy. The background ionizing radiation has been suggested as the only process that could exert harmful effects on samples, and more than a century would be necessary to accumulate lethal injury. Thus, this glassy state is desired for almost all storage systems to extend sample preservation periods.
The storage in vapor or liquid nitrogen (−160°C to −196°C) of cell-based products is the most often used method to preserve slowly cooled samples [8, 13, 14, 29, 35, 64] . The temperatures achieved are far below of the Tg temperatures assuring safe long-term preservation of cell-based products. In this way, the successful preservation for 11 years of umbilical cord blood was achieved, with no impact on clinical outcomes, when transplants were stored in the vapor phase of liquid nitrogen [67] . However, the fluctuations in the liquid nitrogen levels (e.g., due to delays on filling of the tanks), or racks/ tray removal (e.g., to access specific products) could lead to significant temperature shifting that could be detrimental for cell recovery [68] . For example, a few minutes rack removal from the liquid nitrogen tanks to access a sample could upshift the temperature from −150 to −100°C of all samples in the rack, leading them above the Tg temperature. Moreover, is demonstrated that samples preserved in liquid nitrogen can be contaminated, and thus, the storage in vapor phase nitrogen has been favored [69] . It also has to be mentioned, that temperature stability is not as uniform as in liquid nitrogen, and could compromise cell-based product long-term stability. By contrast, commonly used aluminum racks could stabilize the temperature, and other mechanisms such as the implantation of a copper heat shunt could also reduce the abovementioned temperature fluctuations of samples in vapor phase [70] . The accurate control of sample temperatures within the storage period should be assessed to ensure their reproducibility. In this respect, the use of modern monitored storage containers which can be auto-filled may counter some of liquid and vapor nitrogen tanks drawbacks.
Storage at −80°C using electrical freezers has also been used for the preservation of cell-based products such as red blood cells [71] [72] [73] . It has to be taken into account that cell-based products half-life is diminished in these temperatures due to the slow and progressive recrystallization phenomenon, that will occur above the Tg, for this reason it is important to establish a storage half-life of cell-based products in these freezers. The FDA approved the storage of red blood cells in −80°C freezers for ten years for their use in clinics [10] . Moreover, a successful storage of human and porcine pluripotent stem cells in suspension at −80°C for at least one year has been achieved recently [72] . However, the detrimental effect of the storage above the Tg was reported in more complex biosystems. Cell recovery of microencapsulated liver spheroids was decreased gradually after the cryopreservation at −80°C after just few weeks. In the same work, microencapsulated liver spheroids were cryopreserved and stored at vapor phase nitrogen for a year, and high cell recoveries were achieved [74] . In this way, the emergence of −120°C freezer should have promoted new works in which their effectiveness for different cell products was assessed, however, there is still little information published for the cryopreservation of the cell-based products with these electric freezers.
Thawing
Sample thawing is as important as cooling in order to achieve a successful cryopreservation. In warming, cells can suffer the same injury they experience in cooling. The created ice nuclei during cooling could grow and reorganize to form more ice crystals extracellularly. Similarly, small ice nuclei that have been formed during cooling intracellularly and that were not big enough to exert damage, could grow and cause mechanical damage inside cells [75, 76] . Some authors have postulated that thawing processes are more crucial than the cooling itself [77] . Although this was postulated after the vitrification of oocytes, it highlights the importance of thawing for the successful recovery of cells. In this sense, as processes occurring throughout warming of slowly cooled samples are not easy to predict, fast thawing has been favored in order to prevent the feared ice crystal growth. The most used way to thaw samples is by their immersion in a water bath at 37°C obtaining good results over decades [13, 14, 35, 36, 38, 64] . However, as sample contact with water could produce contamination, new machines have been developed to eliminate that risk. With their use (e.g., VIA Thaw), control of thawing rates and samples temperature end point fixing (0-4°C) are possible, which would prevent samples from reaching high temperatures and be damaged by CPA toxicity. By contrast, the fast thawing of vitrified tissues has been developed using radiofrequency-excited mesoporous silica-coated iron oxide nanoparticles. In this work, blood vessels were thawed homogenously with the inductive heating of these nanoparticles obtaining slight improvements in viability to the conventional thawed samples [78] . Regardless of the technique used for sample thawing, the monitoring of temperature by thermocouples is highly useful to assess thawing reproducibility in the cryopreservation field, and should always be measured.
Slow thawing of samples has also been proposed to thaw cryopreserved cell-based products. With this procedure is hypothesized that the osmotic re-equilibration mechanisms will take place during the process, achieving beneficial effects in cell recovery after thawing. However, the longer exposure time to high CPA concentrations at high subzero temperatures could also be detrimental. Few studies thaw cell-based products slowly, but they are worth to mentioning for their positive results. Kilbride et al. cryopreserved a 2.3 litre biomass of microencapsulated liver spheroids to assess whether a bioartificial liver device could be preserved [79] . In this work, thermocouples were placed in different layers of the biomass, and a stepwise manner thawing was performed, assessing the thawing profile of the different layers of the biomass (Fig. 5) . Differences in cell function and cell recovery were achieved between layers, demonstrating that the achievement of homogenous heat transfer in large volumes is still challenging. However, it is remarkable that a successful and practical thawing was completed with the slow thawing procedure. Furthermore, slow thawing has been related to the improved preservation of minipig iliac arteries [80] . Microfractures and the accumulation of fluid within the arterial tissue provoked during cryopreservation were prevented with slow thawing. Even if cell recovery was not determined in this work, it indicates that slow thawing may produce less structural damage in tissues. However, although these works demonstrated that slow thawing could be an appropriate approach for the thawing of large samples or tissues, the fast thawing is the preferred method for recovering samples, reminding us that thawing is also crucial to take into consideration in slow freezing cryopreservation.
CPA removal
Lastly, after all ice crystals are thawed and before samples are ready to be used, CPAs removal is needed in order to prevent their toxic effects on cells. Moreover, if the product is implanted directly into humans without CPAs removal, it could produce adverse effects such as those produced by DMSO [26] . This step, like CPA addition, is dependent on each cell type and sample volume, and should be optimized for each sample. Normally, after thawing samples are not warmed until almost or all CPAs are removed, due to their toxic effects in cells in supra zero temperatures [17] . Also, CPA removal is performed gradually, with the addition of decreasing osmotic solutions step by step: firstly not to exert an excessive osmotic stress to cells, and secondly, to remove CPAs continuously. Lawson et al. studied a mathematical model for the addition of CPA and its removal in cell-based systems, and demonstrated that the addition and removal of CPAs should be performed at low temperatures [54] . Also, they employed gradual CPA addition and removal protocols showing the usefulness of the mathematical model for the design of CPA addition and removal protocols. As mentioned with the thawing, not optimizing removal of CPAs could negatively affect the general outcome of the slow freezing cryopreservation of cell-based products.
Slowly cryopreserved microencapsulated cells
Tissue engineering has evolved enormously in recent decades due to the technological advances and has started to be used in clinics. For this reason, several researchers require a tissue-banking system to prepare for the rising demand of tissues, cell-based products or organs. The only method to preserve cell-based systems or products for long periods is with the use of low temperatures. Thus, the efforts to cryopreserve cellbased products made of natural polymers (e.g., agarose, hyaluronic acid, fibrin or collagen) or synthetic polymers (e.g., PEG) have linearly grown with its reflection in more publications in last decades [22, 30, 47, 79, 81] . Alginate has been one of the most often used polysaccharides to form cellularized bioscaffolds due to its potential as sustained drug delivery or cell delivery systems for the treatment of different diseases (e.g., diabetes, hepatic diseases, neurodegenerative or cancer among others) [82] [83] [84] [85] . Cells are embedded in the biocompatible matrix of alginate, and sometimes covered by a semipermeable membrane, such as poly-L-lysine. This outer membrane protects the inner cells from the host's immune system and the mechanical stress, enabling the transplantation of these cell-based products (Fig. 6) . However, although several in vivo experiments [86] [87] [88] and clinical trials have been investigated with alginate microcapsules for the treatment of diverse diseases such as Diabetes [89] [90] [91] or Parkinson's [92] , their cryopreservation using slow freezing still needs further research to reach the clinics, get approved by the governmental agencies or commercially available. Thus, in order to understand and facilitate the future research on the slow freezing of microencapsulated cells, the existing studies in the area will be summarized below.
Cryoprotective effect of alginate
Different studies have determined the hydrogels cryoprotective effect in the cryopreservation of microencapsulated mammalian cells [93] [94] [95] [96] [97] [98] [99] , and in plant cryopreservation [100] . Different mechanisms have been related to post-thaw cell function improvement on the Fig. 5 . Warming profiles experienced during warming of the large volume cryopreservation cylindrical chamber. Thermocouples were placed at the bottom of the biomass (black) and the top of the biomass (lightest grey), as well as three others equidistant apart between the bottom and top following a straight line through the deepest part of the sample (dark to lighter grey). Section A demarks warming in the −80°C freezer, section B thawing in the −30°C freezer, and section C -10°C in the Planer controlled rate freezer. (Figure as originally published in [79] ). Fig. 6 . Scheme of the microencapsulation process. Cells are suspended in ultrapure alginate (1-3%(w/v)) obtaining a viscous solution with variable cell densities depending on cell type and therapeutic application (1-5 × 10 6 cells/ ml alginate). This cell suspension is next extruded through a needle in which suspensions droplets can be generated by different encapsulation technologies (electrostatic, air or jet cutter) which are solidified in a bivalent cations bath, such as calcium chloride. The generated microcapsules can be directly used for therapeutic applications, or coated with polycationic molecules, such as poly-Llysine.
Table 3
Encapsulated and cryopreserved insulin-secreting cells.
Cell 1996 [93] Porcine islets (Alg-PLL-Alg) 15,6% DMSO +7.5% FBS Two different cooling protocols: cooling with a CRF until −7.5°C (where ice nucleation was induced), 15mins held, cooled at −0.2°C/min to −45°C; cooling at −1°C/min in a Nalgene freezing container until −70°C and stored in LN. FT 1.8 ml Only cryopreserved encapsulated islets with induced ice nucleation were able to maintain glucose challenge, and 66% of the induced diabetic mice recovered normoglycemia for 90 days with cryopreserved encapsulated islets.
1997 [95] Rat islets (Alg-PLL-Alg) 11,7% DMSO +7,5% FBS Two different cooling protocols: 4°C to 0°C at 5C°/min, hold at 0°C 20 min, cooling from 0°C to −80°C at 1C°/min; 4°C to 0°C at a rate of 5°C /min, hold 20 min, cooling from 0°C to −40°C at 0.3C°/min, and cooled from
Cryopreserved encapsulated islets (wherever the cooling protocol) were able to maintain insulin secretion. Cryopreserved encapsulated islet maintained normoglycemia in diabetic mice for 90 days.
2002 [108] Rat islets (Alg) 10% DMSO +10% FBS Cooling with a CRF and stored in LN. FT 2 ml Rat normoglycemia was achieved with cryopreserved encapsulated islet for 460 days. After graft retrieval similar insulin secretion in vitro of cryopreserved encapsulated islets to non-cryopreserved group.
2011 [109] Murine insulinoma 2012 [110] CPA solution: cryoprotectant solution; Alg: Alginate; PLL: poly-L-lysine; MCP: measured cooling profile; LN: liquid nitrogen; VN: vapor nitrogen; FT; fast thawing; DMSO: dimethylsulfoxide; FBS: fetal bovine serum; FCS: fetal calf serum. protocol, which included induced ice nucleation, showed the best viability and metabolic activity after thawing.
2013 [13] Primate MSCs (Alg) 10% DMSO +17.5% FBS 4°C 12 min, cooling at −1°C/min with an isopropanol progressive freezing container, −80°C overnight and stored at −150°C. FT 2 ml Encapsulated and cryopreserved MSCs showed better metabolic activities compared to encapsulated MSCs, cultured 24 h and cryopreserved ones.
2014 [116] Murine MSCs (Alg-PLLAlg)
Different CPAs +10% FBS 4°C 20 min, cooling at −1°C/min with a Mr. Frosty freezing container,
−80°C
overnight and stored in LN. FT.
ml
Only cryopreserved encapsulated MSCs with 10% DMSO were able to maintain metabolic activity, cell viability, EPO secretion in vitro and hematocrit levels in vivo compared to non-cryopreserved encapsulated MSCs.
2014 [14] Monkey MSCs (Alg) 10% DMSO +10% FBS Cooling with a Mr. Frosty freezing container, −80°C overnight and stored at −150°C. FT 2 ml Demonstrated that DMSO concentration could be decreased from 10 to 7.5% maintaining high cell recoveries after thawing in encapsulated MSCs.
2016 [117] CPA solution: cryoprotectant solution; Alg: Alginate; PLL: poly-L-lysine; MCP: measured cooling profile; LN: liquid nitrogen; VN: vapor nitrogen; FT; fast thawing; DMSO: dimethylsulfoxide; FBS: fetal bovine serum; FCS: fetal calf serum; MSCs: mesenchymal stem cells. [122] Porcine hepatocytes (Alg-PLL-Alg) 10% DMSO 1°C/min from 4 to 0°C, 0.5°C/min to −11°C, hold 15 min at −11°C, 3°C/min to −80°C, stored in LN. FT.
After xenotransplantation in FLF model mice similar survivals with fresh or cryopreserved encapsulated porcine hepatocytes (~75%).
2009 [123] Human hepatocytes (Alg-PLL-Alg) 10% DMSO +10% FBS Cooling with an isopropanol progressive freezing container, −80°C overnight and stored in LN. FT 2 ml Urea, albumin profile secretion, and hepatocytes gene expression well maintained. Protein expression increased in CYP3A4.
2010 [124] HepG2 spheroids (Alg) 2011 [126] HepG2 spheroids (Alg) 2014 [12] HepG2 spheroids (Alg)
12%DMSO + IceStart (INA)
Held at 4°C; 1°C/min to −80°C and hold 1 h; storage in −80°C freezer for 7 days (MCP). FT.
6 ml Small differences between progressive and network solidification in encapsulated HepG2 function.
2014 [63] HepG2 spheroids (Alg)
Held at 4°C; 0.3°C/min to −100°C; stored in VN (MCP). FT.
6 ml 2 litre Functional differences between studied layers of the large biomass. Faster thawed layers displayed higher functional recoveries. 2016 [127] HepG2 spheroids (Alg) ; stored in VN (MCP). FT 2 ml Best recoveries with Viaspan®, DMSO10%, glucose and an anti-apoptotic factor. 2017 [81] CPA solution: cryoprotectant solution; Alg: Alginate; Alg-Cel-PEGC: alginate-cellulose poly(methylene-co-guanidine); PLL: poly-L-lysine; MCP: measured cooling profile; LN: liquid nitrogen; VN: vapor nitrogen; ST: slow thawing; FT; fast thawing; INA: ice nucleating agent; DMSO; dimethylsulfoxide; FBS: fetal bovine serum; FFP: fresh frozen human plasma; FLF: fulminant hepatic failure; AAF: anti-apoptotic factor; UNK: unknown.
cryopreservation of microencapsulated cells: the influence of the polymeric matrix on extracellular ice formation [101] , initiation of intracellular ice formation [102, 103] , buffering the CPA diffusion or protection against apoptosis [104] . For that reason, the beneficial effect of alginate encapsulation in slow freezing cryopreservation was compared to free cells after thawing (Tables 3-6 ). In one of the first studies of microencapsulated and cryopreserved cells, microencapsulated rat islets were compared to free islets for their cryopreservation [93] . To that aim, microencapsulated islets were frozen with 15.6% (v/v) DMSO using two protocols: linear cooling with a Nalgene freezing container at −1°C/min and stored in liquid nitrogen; and another linear cooling at −0.2°C/min, in which ice nucleation was induced at −7.5°C, and plunged in liquid nitrogen. After fast thawing, cryopreserved microencapsulated islets did not display differences compared to the non-cryopreserved microencapsulated islets in insulin response to high glucose. By contrast, cryopreserved free islets showed a significantly lower response to high glucose, and many islets were lost during the cryopreservation. Furthermore, the cryopreserved microencapsulated islets were able to maintain normoglycemia up to 90 days in induced diabetic mice, whereas the cryopreserved free islets maintained it for only few days. That work demonstrated for the first time that alginate encapsulation could protect cells in the freeze-thaw processes. Moreover, Matsumoto et al. tested the advantages of alginate encapsulation for the cryopreservation of rat pheochromocytoma cells [94] . In that study, the cooling and thawing rates were studied in free and microencapsulated cells. Even it was one of the first demonstrations of cryopreservation with microencapsulated cells, key variables such as the observation of ice growth on the freeze-thaw process, and the latent heat release on cooling were studied. As in Mazur's 2-factor hypothesis, they also showed the inverted "U" effect in the post-thaw viabilities of cryopreserved microencapsulated cells with different cooling rates. In this case, slow cooling rates of 0.5 or 1°C/min demonstrated higher viabilities in terms of dopamine secretion and trypan blue exclusion assay in microencapsulated rat pheochromocytoma cells (Fig. 7A-B) . Interestingly, the fast cooling profiles did not prevent the ice growth within the microcapsules around −8°C, whereas the 1°C/min did not show ice growth within the microcapsules at that temperature (Fig. 7C) . Moreover, in slower cooling rates (0.5 or 1°C/min) less latent heat was released from cryopreserved microencapsulated cells compared to free cells (Fig. 7D) . Authors correlated the higher cell viabilities in cryopreserved microencapsulated cells with an increase of unfrozen water inside the microcapsule and the intracellular space, which could also explained by suitable cell and microcapsule dehydration during cooling. In another study with microencapsulated rat islets, the benefit of alginate encapsulation in cryopreservation was again confirmed [95] . Samples were cooled with 11.7% (v/v) DMSO using two different stepwise protocols in a controlled rate freezer (CRF) and stored in liquid nitrogen. The microencapsulated islets displayed similar insulin secretion as free islets, but after cryopreservation (regardless of the cooling protocol), only the microencapsulated islets were able to maintain the insulin response. It was also demonstrated that cryopreserved microencapsulated rat islets with the protocol, cooled from 0°C to −80°C at 1°C/min and stored in liquid nitrogen, normalized the metabolic blood glucose of diabetic mice for 90 days, whereas the free cryopreserved rat islets only normalized glucose for a few days. Lastly, brain cell neurospheres were also cryopreserved within alginate capsules to improve cell function and reduce cell defragmentation after thawing [96] . After demonstrating that neurosphere encapsulation had no impact on cell function, free and microencapsulated neurospheres were cryopreserved with a CRF at −1°C/min to −80°C and stored in the vapor phase of liquid nitrogen. Different CPA solutions were also used; a complete medium consisted of 10% (v/v) DMSO and 10% FBS, and Cryostor-CS10® solution which also contains 10% DMSO. After fast thawing, microencapsulated and cryopreserved neurospheres, independent of the CPA solution used, displayed better viabilities with less cell Table 6 Different encapsulated and cryopreserved cells.
Cell 2001 [94] Rat neurospheres (Alg-PLL- 2009 [129] Murine C2C12 (Alg) 10% DMSO 4°C 10 min, cooling at −1°C/min with a Mr. Frosty freezing container,
−80°C
overnight and stored in LN. FT 2 ml Slow-cooled samples displayed slightly better outcome regarding metabolic activity, viability, and insulin secretion compared to the vitrified ones.
2013 [128] CPA solution: cryoprotectant solution; Alg: Alginate; PLL: poly-L-lysine; MCP: measured cooling profile; LN: liquid nitrogen; VN: vapor nitrogen; FT; fast thawing; ST: slow thawing; DMSO: dimethylsulfoxide; FBS: fetal bovine serum; FCS: fetal calf serum.
defragmentation compared to cryopreserved free cells. Moreover, Cryostor-CS10® provided further cryoprotection for both free and microencapsulated neurospheres compared to the other CPA solutions. Altogether these studies, demonstrated that alginate encapsulation could have a protective effect in the cryopreservation of diverse cell types displaying fewer defragmented cells and enhancing cell function after thawing.
Islets and insulin-secreting β-cells
Most efforts of cell encapsulation are aimed at treating type I diabetes, a disease that develops as a consequence of the destruction of pancreatic islets including the insulin-secreting β-cells. Cell encapsulation research has focused on restoring and regulating the insulin supply, and many clinical trials were performed to translate the technology to the clinic [105] [106] [107] . In order to reduce cost and provide cellbased product banks, the preservation of microencapsulated islets and B-cells have also been investigated with the slow freezing in the last two decades [93, 95, [108] [109] [110] (Table 3 ).
In the first study performed with cryopreserved microencapsulated islets, Inaba et al. demonstrated the benefits of alginate encapsulation in islets storage [93] . Next, the same group studied the slow freezing of porcine microencapsulated islets with 15.6% (v/v) DMSO in two diverse cooling protocols [108] . After fast thawing, only the batches frozen with induced ice nucleation were able to respond to static high glucose and isobutylmethylxanthine challenge, demonstrating the importance of inducing ice nucleation. The intraperitoneal transplantation into diabetic mice of cryopreserved microencapsulated islets was performed only with the frozen batches in which ice nucleation was induced and, 60% of recipients recovered normoglycemia compared to the 91% of the non-cryopreserved group showing that cryopreservation was effective. Moreover, freezing procedure did not alter capsule surface, and did not display fibrotic overgrowth during transplantation. In another study, the microencapsulated and cryopreserved islet function was assessed 460 days after the transplantation [109] . Rat normoglycemia was assured with the microencapsulated and cryopreserved islets with similar insulin secretion after graft retrieval compared to the microencapsulated and non-cryopreserved group. Cryopreservation of a pancreatic substitute consisted of microencapsulated murine insulinoma βTC-tet cells was also performed comparing slow freezing to vitrification [110] . For the slow freezing, microencapsulated cells were cooled at −1°C/min with a Mr. Frosty Freezing container, and stored in liquid nitrogen. After fast thawing of samples, and using a C 13 nuclear magnetic resonance and isotopomer analysis, the metabolism was maintained in microencapsulated βTC-tet cells by either slow freezing or vitrification. By contrast, insulin secretion was maintained only after slow freezing, displaying the advantages of slow freezing compared to vitrification in the storage of microencapsulated βTC-tet cells.
Mesenchymal stem cells (MSCs)
MSCs are being studied intensively due to their advantageous properties for cell-based therapies. MSCs can differentiate into three different lineages (e.g., osteogenic, adipogenic and chondrogenic) making them appropriate for regenerative medicine. Moreover, this cell type can immune-modulate the environment, avoiding the immune system reaction, which is desirable for cellular implants [111, 112] . Their encapsulation in hydrogels or alginate capsules has been studied extensively [84, [113] [114] [115] , and their storage also investigated in the last few years (Table 4) .
In the first study with slow cryopreservation of microencapsulated MSCs, Pravdyuk et al. considered the influence of DMSO concentration (5-10% v/v) and three cooling protocols (e.g., two slow and a rapid cooling protocols) in the post-thaw outcome of microencapsulated human MSCs [13] . It was demonstrated that DMSO at 10% was the optimal concentration maintaining viability and metabolic activity in microencapsulated MSCs after thawing. The second cooling protocol, with induced ice nucleation, displayed better viability and metabolic activity, showing the positive effect of induced ice nucleation. Afterwards, Grishkov et al. compared the influence of culture time in microencapsulated primate MSCs before cryopreservation, cryopreserving immediately or after 24 h incubation of the cell-based products [116] . In this regard, microencapsulated cells were cryopreserved with 10% (v/v) DMSO and 17.5% FBS, cooled at −1°C/min with a Mr. Frosty Freezing container and stored at −150°C. After fast thawing and five days culture, the microencapsulated MSCs cryopreserved just after their encapsulation, showed better metabolic activities, and demonstrated that microencapsulated MSC culture time before cryopreservation can impact cell function after thawing. Our group also investigated the cryoprotective effect of different CPAs in the cryopreservation of microencapsulated erythropoietin secreting murine MSCs [14] . Different CPA solutions combining DMSO, trehalose, and glycerol were studied to reduce the concentration of DMSO in cryopreservation. Similar to the previous study, microencapsulated MSCs were cooled at −1°C/min with a Mr. Frosty Freezing container to −80°C, and stored in liquid nitrogen. After sample fast thawing, only cryopreserved microencapsulated MSCs with 10% (v/v) DMSO were able to maintain metabolic activity, cell viability and erythropoietin secretion compared to non-cryopreserved microencapsulated MSCs. Furthermore, only the 10% DMSO group was able to maintain the erythropoietin increase in transplanted mice compared to non-cryopreserved microencapsulated group. These findings suggest that further investigation should be assessed in the cryopreservation protocol to reduce the used DMSO in the CPA solution. Following this research line, Grishkov et al. studied the DMSO concentration (2.5-10% v/v) in CPA solution and the prefreezing DMSO loading time (0, 15, 30 and 45 min) of microencapsulated monkey MSCs [117] , with similar cooling and thawing processes to their previous study [116] . Independent of the pre-freezing DMSO loading times used, better cell viability (Fig. 8A) , metabolic activity and membrane integrity were obtained with 7.5% and 10% DMSO concentration in the CPA solution. Moreover, also the ice nucleation temperature was studied using cryomicroscopy, demonstrating that different DMSO loading times, and DMSO concentrations in CPA solutions could lead to differences in ice nucleation temperatures (Fig. 8B) . Interestingly, it was also shown that higher ice-nucleation temperatures (−12.8°C) impaired the structure of alginate beads after thawing. Altogether, it was demonstrated that DMSO concentration could be decreased from 10 to 7.5% maintaining high cell recoveries after thawing in microencapsulated monkey MSCs.
Hepatocytes for liver diseases
The encapsulation of hepatocytes has been proposed for supplementing essential functions lacking in some disorders such as fulminant liver failure (FLF). Diverse reports in vivo demonstrated the potential of hepatocyte encapsulation for the FLF treatment [83, 88, 118, 119] . Since in FLF the treatment need is immediate, and thus, the banking of these cell-products for the "on demand" access of patients has been extensively studied for two decades mostly with the use of slow freezing cryopreservation (Table 5 ).
In the first study that was performed with hepatocytes, rat hepatocytes were microencapsulated in alginate-poly-L-lysine-alginate capsules [120] . Microencapsulated hepatocytes were cryopreserved with 10% (v/v) DMSO keeping cryovials 24 h at −70°C, and next stored in liquid nitrogen for 7 and 30 days. After fast thawing, the cryopreserved microencapsulated hepatocytes displayed similar urea synthesis to the non-cryopreserved microencapsulated group. By contrast, cryopreserved microencapsulated hepatocytes for 30 days showed a decrease in protein synthesis. Furthermore, in 30 day cryopreserved microencapsulated hepatocytes, the serum bilirubin levels of transplanted Gunn rats, which have a genetic deficiency of bilirubin glucuronidation, did not decrease as much as in other cryopreserved groups. In this study, the storage time of microencapsulated rat hepatocytes could have affected the post-thaw cell function, indicating that the cryopreservation process requires further. In the early 2000s, murine hepatocytes in alginate-cellulose poly(methylene-co-guanidine) were cryopreserved [121] . The microencapsulated hepatocytes were cooled with 10% (v/v) DMSO following a stepwise protocol: 30mins at 4°C, 2 h at −20°C, 24 h at −80°C and stored in liquid nitrogen. After fast thawing, only albumin secretion was determined, and there were no differences between the non-cryopreserved and cryopreserved microencapsulated hepatocytes. Next, the slow freezing cryopreservation of microencapsulated hepatocytes was studied in vivo. Before starting the xenotransplantation studies, Mai et al. investigated the cryopreservation influence on primary rat and immortalized human microencapsulated hepatocytes [122] . In this case, the cryopreservation protocol was performed with a CRF and sample temperature was measured: 12 min hold at 4°C, 4.2°C/min to −8°C, 18 min hold, 4.2°C/min to −100°C and stored in liquid nitrogen. After fast thawing in a 37°C water bath, both microencapsulated and cryopreserved cell types showed similar albumin secretion profiles over 7 days compared to the non-cryopreserved group. In the xenotransplantation study, the cryopreserved microencapsulated rat or immortalized human hepatocytes showed similar survival rates in mice with induced FLF compared with non-cryopreserved microencapsulated hepatocytes (~70% and 50% respectively). A similar study using cryopreserved microencapsulated porcine hepatocytes in FLF induced mice was also performed [123] . Biological functions were determined in vitro in terms of urea and albumin synthesis, and lidocaine, ammonium and diazepam metabolism. Similar cell function profiles were displayed between the cryopreserved microencapsulated hepatocytes and non-cryopreserved microencapsulated hepatocytes, without differences in the survival rates of FLF induced mice after xenotransplantation. The authors claimed that the cryopreserved microencapsulated xenogeneic hepatocytes showed life supporting liver-specific metabolic functions in vivo, and suggested that these findings had great potential for clinical use. In the same way, Hang et al. studied the cryopreservation of microencapsulated human hepatocytes, additionally determining their gene and protein expression [124] . In this case, 2 ml cryovials were cooled with a progressive isopropanol freezing container in a − 80°C freezer, and stored in liquid nitrogen. After sample fast thawing, it was demonstrated that the urea and albumin secretion, and gene expression of the hepatocytes were maintained compared with non-cryopreserved group. In contrast, the cytochrome P450 (CYP3A4) expression was incremented in the cryopreserved microencapsulated hepatocytes compared to the cryopreserved free hepatocytes. Recently, Jitraruch et al. tested the effect of commercial modified CPA solutions on the cryopreserved microencapsulated rat and human hepatocytes [81] . Viaspan® (with glucose and DMSO 10% (v/v)) and the Cryostor® solution were compared in terms of metabolic activity, urea synthesis, albumin production and cytochrome P450 activity for the cryopreservation of microencapsulated hepatocytes. Slow freezing was performed stepwise with a CRF, and after fast sample thawing, the modified Viaspan® had the best protective effect in the cryopreservation of microencapsulated rat and human hepatocytes, maintaining cell function for 7 days. Also, it was determined that the addition of an antiapoptotic factor, the benzyloxycarbonyl-Val-Ala-DL-Asp-fluoromethylketone (ZVAD), has a positive effect on cell function of cryopreserved microencapsulated rat hepatocytes, especially in reducing apoptosis. This is the first study using an antiapoptotic factor in the CPA solution for the cryopreservation of microencapsulated hepatocytes, opening another research line for improving the post-thaw cell function.
The Liver Group, from University College of London (UCL), is developing a bioartificial liver (7x10 10 cells biomass) for the treatment of FLF [83, 88, 125] , studying for that aim, the slow freezing cryopreservation of alginate microencapsulated liver HepG2 spheroids [12, 63, 64, 74, 79, 126, 127] . To reduce contamination risks in the process, they compared a CRF without the use of liquid coolants with another CRF that use liquid nitrogen for slow cooling cryopreservation [126] . The 1.25 ml sample cooling was performed with a multi-step protocol and stored in the vapor phase of liquid nitrogen. After fast thawing, both groups were compared for 3 days to non-cryopreserved groups in terms of viability, cell counts and albumin secretion. Cell function decreased similarly in both cryopreserved groups at day 3 (90% for viability, 70% for cell count and 65% for albumin secretion), certifying the use of a CRF that enables to work without nitrogen infection risk. Some studies have demonstrated that the active control of ice nucleation temperature could increase the cell recovery after thawing [51, 52] . In this regard, the addition of cholesterol, as an ice nucleating agent, in the CPA solution was studied [64] . The cholesterol reduced supercooling and latent cryoinjury during cryopreservation, and consequently almost doubled the cell number after thawing. Moreover, the protein and detoxification function, as well as the oxidative metabolism of cryopreserved microencapsulated liver spheroids were improved when cholesterol was present in the cryopreservation, demonstrating its benefitial effects. Furthermore, the influence of the storage temperature in the microencapsulated liver spheroids was investigated up to a year storing them in a − 80°C freezer or in vapor phase nitrogen [74] . The preservation of cell-based products above the Tg was harmful to cell function after thawing. A rapid deterioration in functional recoveries of microencapsulated liver spheroids was displayed after only a few weeks of storage at −80°C. However, storage in vapor phase nitrogen maintained the cell function of microencapsulated liver spheroids more than a year. This study demonstrated the importance of banking cell-based products below the Tg and ensure their appropriate long-term storage. The cryopreservation protocol developed for small volumes (0.5 ml) was scaled up to larger volumes (~200 ml) in a liquid nitrogen-free CRF [12] . Since the CPA excess will limit the cooling and warming rate, and possibly influence cell recovery, the microencapsulated liver spheroids and CPA ratio in cryovials was studied with the aim of reducing the amount of excess CPA volume during cryopreservation. Removal of the CPA excess had no significant impact on cell function after thawing with the biomass to CPA ratio 1:0. Moreover, fast thawing (37°C water bath) was the best way to recover the cell-based products. Also, the influence of the following cooling rates was investigated in cell function of cryopreserved microencapsulated liver spheroids in cryovials (0.5 ml) and bags (200 ml): a linear cooling rate of 1°C/min, and two non-linear profiles that produced an average cooling rate of −1°C/min from −8°C to −60°C. The first non-linear cooling profile, which has an extended holding period in the temperature zone following ice nucleation and enables more time to be established for osmotic equilibrium between the cells and the external environment at high subzero temperatures, displayed the best results with highest viable cell numbers and high alpha-1-fetoprotein production, either in cryovials or bags 24 h after thawing. Interestingly, with the aim of cryopreserving a whole bioartificial liver (2.3 litre biomass) the process of ice formation and propagation was investigated in the slow freezing cryopreservation [63] . In this scenario, the water-ice phase change can be dominated by the network solidification process, which is typically present in small samples such as cryostraws or cryovials, or progressive solidification, which is more often observed in large volumes or environmental freezing. Thus, even the progressive solidification will be the most probable in larger volumes, its effect compared with network solidification was studied in the post-thaw recovery of microencapsulated liver spheroids in cryovials. Two different heat transfer modules were used in an electrical Stirling CRF to freeze 6 ml cryovials, modifying slightly the CPA solution and changing the cholesterol for another ice nucleating agent (Icestart®). The freezing protocol consisted on cooling at −1°C/min to −80°C and storage in a − 80°C freezer for 7 days. After fast thawing of samples non-significant differences in viable cell number or function between the two solidification processes was demonstrated. By contrast, the ultrastructural effects of the two processes displayed by electron scanning microscopy, showed different behaviors of ice formation. For that reason, the authors suggested that both ice formation processes should be further investigated, focusing especially on progressive solidification that is unavoidable in large volume cryopreservation. Following this research line, the effects of progressive solidification were investigated in the recovery of microencapsulated liver spheroids in the different regions across the frozen cores of 6 ml cryovials and a 2 litre cylindrical chamber [127] . It has to be noted that whereas in cryovials only microencapsulated liver spheroids were placed, the 2 litre biomass, within the cylindrical chamber, consisted mainly of non-cellularized alginate microcapsules, in which microencapsulated liver spheroids pouches were placed in different areas to study the freezing effect in every region (Fig. 9A) . The microencapsulated liver spheroids proportion, CPA solution, cooling, storage and thawing protocol used for the cryovials were the same as in the previous study. Even though complex manipulations were performed for the cooling and thawing of the microencapsulated liver spheroids pouches in the 2 litre biomass, a similar cooling and fast thawing profile was achieved to study the progressive ice solidification (Fig. 9B) . The first solidified microencapsulated livers spheroids in the bottom of cryovials showed significantly higher viable cell number and function compared to last solidified on day 3. By contrast, microencapsulated liver spheroids frozen in the middle of the cryovials displayed higher alpha-fetoprotein production and glucose consumption compared to microencapsulated liver spheroids at the cryovial edges on day 2. On the other hand, cryopreserved microencapsulated liver spheroids in the 2 litre chamber displayed a different behavior after thawing. In the middle of the biomass, the metabolic activity and viable cell number of microencapsulated liver spheroids were higher immediately after thawing. In summary, spatial considerations of microencapsulated liver spheroids had a great impact on the cell recovery either in cryovials or the 2 litre chamber, and these results demonstrated that spatial considerations are important to consider when large volumes are cryopreserved with progressive solidification. To approach the clinic, the cryopreservation of a whole bioartificial liver (2.3 litre microencapsulated liver spheroids biomass) was investigated [79] . In this case, the 2.3 litre biomass was frozen with the same CPA solution and protocol. By contrast, as the fast thawing of a whole 2.3 litre microencapsulated liver spheroids biomass was difficult to achieve, a stepwise slow thawing consisted on −80°C 2 h, −30°C 1 h, −10°C 1 h and final fast thawing with a saline solution was used successfully (Fig. 5) . Microencapsulated liver spheroids viable cell number, glucose consumption, lactate production and alpha-fetoprotein production recovered to pre-freeze values by day 3 after thawing, and comparing the 2.3 litre biomass results to the microencapsulated liver spheroids cryopreserved in cryovials, longer recovery times were needed in the biomass for recovering pre-freeze cell function values. For that reason, even the 2.3 litre biomass was successfully cryopreserved, authors suggested that further improvements in thawing would increase the post-thaw cell function of microencapsulated liver spheroids.
Myoblasts
Besides the microencapsulated cell types mentioned, others have been cryopreserved for sustained therapeutic molecules delivery [128, 129] . Murua et al. investigated various cooling protocols and DMSO concentrations for the cryopreservation of microencapsulated erythropoietin-secreting C2C12 cells (Table 6 ) [128] . After fast thawing, the erythropoietin reduction was determined, and the slow cooling protocol showed less erythropoietin reduction compared to non-cryopreserved microencapsulated C2C12. With this cooling protocol, DMSO concentration was studied (1, 5, 10, 20 and 30% v/v) in CPA solutions. As in other studies, 10% DMSO appeared to be optimal in terms of erythropoietin secretion after thawing. Moreover, cryopreserved microencapsulated cells with 10% DMSO were able to maintain erythropoietin increase in transplanted mice compared to non- Fig. 9 . A schematic of the bioartificial liver chamber. The bioartificial liver chamber contained pouches (with microencapsulated liver spheroids) of nylon mesh, permeable to culture medium and ice but impermeable to microencapsulated liver spheroids. This chamber was cooled from the edges (as indicated in purple), and ice developed radially to the central semi-circle, with the semicircles representing areas that solidified at the same time (A). The biomass fill is represented by the dotted black line. This pouch was extracted and dissected into 5 as shown on the right of the figure. These sections were thawed consistently to determine spatial differences in damage on cooling. (B) 25 warming tubes were passed through the biomass (indicated in red), with ethanol equally distributed through each tube using larger endcaps. Pouches were placed within 5 cm of either the inlet or outlet tubes, with pouches of cells nearer the warming inlet thawing more rapidly. (Figure as originally published in [127] ). cryopreserved microencapsulated cells. Another group also investigated the cryopreservation of microencapsulated genetically modified C2C12 myoblasts to secrete insulin comparing slow cooling to vitrification [129] . In the slow cooling, insulin-secreting microencapsulated C2C12 were cooled with 10% (v/v) DMSO at −1°C/min in a Mr. Frosty Freezing container to −80°C, and stored in liquid nitrogen. After fast thawing, the slow-cooled samples indicated slightly better outcome regarding metabolic activity, viability, and insulin secretion compared to those that had been vitrified. Due to the procedure simplicity authors concluded that slow freezing was superior to vitrification for the cryopreservation of microencapsulated insulin-secreting C2C12. As in other cell types, it seems that the 10% DMSO is the best CPA solution for the cryopreservation of microencapsulated C2C12 cells.
Expert opinion and future directions
Cell microencapsulation represents a promising technology for the treatment of different diseases; however, it needs further improvements to optimize this cell-based therapy and reach the clinics. In this sense, the cell-based product banking is one of the processes that will help achieving the desired goal, and many works have been performed in the cryopreservation of microencapsulated cells in the last two decades, illustrating different protocols and results. In this regard, there are several aspects in cryopreservation that still have to be optimized to improve cell outcome and capsule integrity, to guarantee the reproducibility and quality of the cell-based products.
Even though DMSO replacement in CPA solution has been a subject of research for the last two decades, DMSO removal seems improbable in this field so far. Every study performed in the slow freezing cryopreservation of microencapsulated cells used DMSO with good results [12, 14, 79, 96] . For that reason, another aspect should be also investigated in the slow freezing of microencapsulated cells, such as the appropriate DMSO removal after thawing [27] . In this respect, different methods have been developed to remove CPAs from the cell-based products (e.g, dilution-centrifugation, mass trasnsfer in microfluidical devices or dilution-filtration with hollow fibers), being dilution-centrifugation the most widely used method [130] . In the reviewed studies, no one determined if the applied post-thaw recovery method gets rid of the DMSO completely from microcapsules. Although, they are not normally employed or added in cryopreservation studies, with the aim of measuring the residual CPA after thawing, capillary zone electrophoresis [131] , high-performance liquid chromatography (HPLC) [132] , gas chromatography [133] or electrical conductivity [130] methods have been proposed. These techniques, determing DMSO removal, would be very useful, especially when the cell-based products are implanted in patients. In this way, the DMSO adverse effects will not take down the future use of these microencapsulated cells in the clinic. The ice-nucleating agent addition in CPA solution raised the ice nucleation temperature in cooling and demonstrated its benefits in the post-thaw microencapsulated liver spheroids cell function [64] . However, the ice nucleation temperature increment could also impair capsules (Fig. 8B) [116] . In this respect, it has to be taken into account that capsules damage could alter the biomechanical properties, changing their behavior (e.g., as sustained drug delivery or cell delivery system) and affect the quality of the cell-based products. In this sense, light microscopy observation has been widely performed to determine general microcapsules appearance in terms of circularity and broken capsules after thawing [116, 128] . Those observations are insufficient to determine capsule stiffness and pore size, and assure the capsules mechanical stability. For that reason, even ice-nucleating agents should be used to improve cell function, the capsules mechanical integrity should also be investigated with other assays (e.g., capsule swelling [14] ) after their cryopreservation. In any case, the capsules biomechanical properties is a key aspect that must always be studied to guarantee the postthaw quality of the cell-based products. Lastly, different additives have been included in CPA solution to reduce cell apoptosis and death by other mechanisms after cryopreservation. Often cells look healthy and viable immediately after thawing, but after some hours a significant portion of cells are lost due to the overall mechanisms involved in cell apoptosis and necrosis after cryopreservation, the called cryopreservation induced onset cell death (CIOCD) [134] . Mainly this phenomena occurs when cryopreservation processes may be optimized to protect cells structurally, but fails to adequately manage the other stresses associated with this process (e.g., reactive oxygen species creation). With the scope of reducing the CIOCD phenomena, antioxidants and antiapoptotic factors were included in CPA solutions for the cryopreservation of microencapsulated cells. On the one hand, the antioxidants (trolox and catalase) were used in the cryopreservation of microencapsulated liver spheroids, but as their effect was not compared to cryopreserved microencapsulated liver spheroids without the antioxidants, their efficiency could be questioned [12] . On the other hand, anti-apoptotic factor effects in CPA solution were investigated with hepatocytes reducing apoptosis significantly in the first 24 h after thawing [81] . In this regard, cell death and apoptosis behavior within microcapsules have not been carefully studied after cryopreservation. However, the post-thaw cell loss profile was determined in highly dense microencapsulated liver spheroids [12, 64, 79, 127] . Cell death and proliferation mechanisms were balanced towards cell death in the first two days, displaying up to 40% fewer cells compared to pre-freezing cell numbers. After the second day, when apoptosis and cell death diminished, microencapsulated liver spheroids behavior changed increasing the viable cell number and recovering pre-freezing cell functions. The displayed microencapsulated liver spheroids cell loss behavior makes sense due to CIOCD phenomena that are normally observed within 6 to 48 h after post-thaw culture [134, 135] . Any improvement made by the antioxidants or anti-apoptotic factors in microencapsulated liver spheroids cell function recovery time will enable significant progress in the development of the bioartificial liver for the clinic. For that reason, even though there are few studies performed with these molecules, the antioxidants and anti-apoptotic factor addition could inhibit the CIOCD phenomena and improve overall cryopreservation efficiency in microencapsulated cells.
CPA addition and removal have also changed over the last two decades. In the first studies, the CPA solutions were not added chilled without avoiding the CPA related cytotoxicity [94, 95, 108, 121] , but rapidly protocols changed and CPA solutions were added chilled to samples [123, 128] . In the same way, samples were not cooled before cooling, but nowadays all microencapsulated cells are chilled adding a holding step at 4°C prior to freezing [64, 126] . Moreover, CPA removal after sample recovery has not been described; it has usually been performed by the slow drop by drop dilution of the microencapsulated cells in the CPA solution. Although this method works for the thawing of microencapsulated cells, more complex investigations of CPA dilution after thawing should be investigated to improve cell function and diminish the CIOCD phenomena. In this regard, slow freezing could take advantage of vitrification, in which the thawing protocols have been deeply investigated to upgrade the thawing process [54] . Moving forward, cooling has been described extensively in the reviewed studies, showing that diverse protocols were used independently of the cell type. In this sense, cooling protocols (e.g., non-linear or linear, with induced ice nucleation) have been investigated commonly with a CRF to reduce the IIF and optimize post-thaw cell outcome. They have changed from non-linear to linear profiles due to their simplicity and high-quality results obtained either with small or large volumes [12] . Although CRF enables the optimization of the cooling process preventing sub-optimal cell functions and CIOCD phenomena after thawing [94] , passive progressive freezing containers were also used for the cryopreservation of different microencapsulated cells, displaying good results [14, 117, 128] . In any case, if something has been common in all the described studies is that microencapsulated cells were cooled until the range of −80 to −100°C and then immersed in liquid or vapor phase nitrogen to store the cell-based products below the Tg temperature. It has to be noted that few studies measured or displayed the temperature profiles in the freeze-thaw process. Importantly, the temperature measurement during cryopreservation would probably explain the difference obtained between some of the reviewed studies, as ice nucleation temperature and the real cooling profile would be showed giving more information to the field. We believe that this is one of the aspects that being applied will significantly improve the overall clarity and understanding of the studies. Lastly, for the thawing of microencapsulated cells, the fast thawing procedure have been extensively used by sample immersion in a water bath at 37°C. Slow thawing was studied when the large samples size made impossible the fast thawing. In this sense, a 2.3 litre microencapsulated liver spheroids biomass, which works as a bioartificial liver, was thawed in a stepwise manner [79] . Even though good results were obtained with functional recovery of the biomass at 72 h, further improvements in slow thawing would reduce the post-thaw recovery time of the bioartificial liver. In this regard, among the reviewed studies, the bioartificial liver is the only microencapsulated cell-based product that seems to have the potential to reach the clinic. However, the bioartificial liver biomass has to be manufactured under GMPs in all process, assuring the reproducibility and quality of the biosystem to reach the clinics [136] . On this regard, taken into considreation the quality controls that are used on the handling, processing and disposal of stem cells, which are the most used cryopreserved cell therapies around the world [137] , we have enumerated the aspects that should be followed on the quality control of the microencapsulated cells from the elaboration to the use in clinics (Fig. 10) . First, the function of the encapsulated cells (cell viability, menbrane integrity, metabolic activity and therapuetic molecule release quantification among others) as well as the integrity of the microcapsules (swelling assay) should be assesed always before cryopreservation, being mandatory the microcapsules integrity assesment when the goal is the implantation. Next, during the freeze-thaw process the temperature must be tracked to ensure no thermal flucutations that could affect product stability. Finally, after thawing the following two main aspects should be considered: the microencapsulated cell function and microcapsules integrity maintainance should be assesed, and residual CPA after removal should be quantified with the aformentioned analytical techniques to prevent CPA related toxicity. In addition, clinicians training with microencapsulated cells result an important factor to avoid handling errors that can take down the effectiveness of the cell therapy product. Considering all these quality control steps, currently a clinical scale bioartificial liver has been developed for GMP [83] , showing its potential in vivo and demonstrating that a big part of the path has been done for the treatment of FLF patients.
Conclusions
Slow freezing cryopreservation has been widely studied and developed over recent years for the preservation of many cells, tissues or cellbased products. In this sense, microencapsulated cells are one of the biosystems that has been extensively studied to be cryopreserved with the aim of providing a cell-based product bank that facilitates the "on demand" access of patients to the treatments in a clinic far from the manufacturer. Although many studies have been performed with microencapsulated cells displaying successful results, there are many aspects in the slow freezing procedure that should be optimized, such as the CPA solution and the freeze-thaw process. Thus, further research of the slow freezing in these cell-based products is needed for this technology to the reach the desired goal, the clinical translation.
Declaration of interest
The authors have no relevant affiliations or financial involvement with any organization or entity with a financial interest in or financial conflict with the subject matter or materials discussed in the manuscript. This includes employment, consultancies, honoraria, stock ownership or options, expert testimony, grants or patents received or pending, or royalties. Fig. 10 . Quality control steps of microencapsulated cells from elaboration to clinics: 1) Assessment of microencapsulated cell function and microcapsules integrity (mandatory for implantation purposes before cryopreservation) 2) Temperature tracking during freeze-thaw process; 3) Quantification of microencapsulated cells function and microcapsules integrity maintenance after thawing, and determination of residual CPA after complete removal. 4) Specific clinicians training with microencapsulated cells handling. All the steps should follow GMP procedures.
